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Abstract. We investigate the transverse charge density in the longitudinally as well as transversely polar-
ized deuteron using the recent empirical description of the deuteron electromagnetic form factors in the
framework of holographic QCD. The predictions of the holographic QCD are compared with the results
of a standard phenomenological parameterization. In addition, we evaluate GPDs and the gravitational
form factors for the deuteron. The longitudinal momentum densities are also investigated in the transverse
plane.
PACS. 13.40.Gp Electromagnetic form factors – 21.10.Ft Charge distribution – 21.45.+v Few-body sys-
tems – 25.30.Bf Elastic electron scattering
1 Introduction
The electromagnetic and gravitational form factors are
among the most fundamental quantities containing infor-
mation about the internal structure of the hadron. The
Fourier transformation of these form factors provides in-
formation about spatial distributions such as the charge
and magnetization distribution and the longitudinal mo-
mentum distribution inside the hadron. During the last
decade, many experimental and theoretical investigations
have been focused on deuteron in hadronic physics. For
detailed reviews, see Refs. [1,2,3,4]. Since the deuteron
has a spin of unity, there are three form factors, charge
GC , magnetic GM , and quadrupole GQ. These form fac-
tors completely describe cross sections [5,6,7,8,9,10,11,
12,13,14,15,16,17] and tensor polarizations [18,19,20,21]
or tensor analyzing powers [22,23,24,25,26,27] which have
been probed through the electron-deuteron elastic scatter-
ing. There are many theoretical approaches such as chiral
effective and phenomenological approaches, perturbative
QCD, potential and quark models, holographic QCDmod-
els etc. which have been extensively used to investigate the
deuteron form factors [1,2,3,4,28,29,30,31,32,33,34,35,
36,37,38,39,40,41,42,43,44,45,46,47,48,49,50] whereas the
generalized parton distributions (GPDs) for deuteron has
been introduced in [51]. GPDs for the deuteron have been
studied based on a phenomenological effective Lagrangian
approach in [52]. The gravitational form factors of spin-1
particles have been evaluated using a holographic model
of QCD in [53] where via sum rules, the connection of
gravitational form factors to GPDs has also been estab-
lished. Recently, Gutsche et. al. [48,49,50] have shown
that the electromagnetic form factors for the deuteron in
the soft-wall AdS/QCD model are well in agreement with
the experimental data and the form factors display correct
1/Q10 power scaling for large Q2 which is consistent with
the quark counting rules. Thus, it is very interesting to
investigate the transverse charge densities, gravitational
form factors and longitudinal momentum densities, GPDs
for the deuteron in the framework of soft-wall AdS/QCD.
Recently, tremendous interests have grown in AdS/
QCD formalism which emerges as one of the most promis-
ing tool to investigate the structure of hadrons. Though
AdS/QCD gives only the semiclassical approximation of
QCD, so far this formalism has been successfully applied
to describe various hadronic properties e.g., hadron mass
spectrum, parton distribution functions (PDFs), gener-
alized parton distribution functions (GPDs), meson and
nucleon form factors, transverse densities, structure func-
tions etc.[53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,
68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85]. In
nuclear physics, there are also some applications of holo-
graphic QCD such as holographic nuclear matter [86],
ρ meson condensation at finite isospin chemical poten-
tial [87], nuclear matter to strange matter transition [88],
baryon matter at finite temperature and baryon number
density [89], cold nuclear matter [90], heavy atomic nuclei
[91], mean-field theory for baryon many-body systems [92].
Many other interesting works have been done in nuclear
physics using AdS/QCD formalism (see Refs. [93,94,95,
96] for detailed reviews).
The charge densities in the transverse plane are defined
as the two dimensional Fourier transforms of the charge
form factors. The transverse densities are also intimately
related to the GPDs with zero skewness [97,98]. Since the
form factor involves initial and final states with differ-
ent momenta, three dimensional Fourier transforms can-
not be interpreted as densities. However, the transverse
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densities defined at fixed light-front time have a proper
density interpretation [99,100,101]. The charge densities
in the transverse impact parameter plane for the nucleon
have been discussed extensively in various phenomenolog-
ical models [63,64,74,102,103,104,105,106,107,108,109],
whereas the densities in the transverse coordinate plane
have been studied in [110,111,112]. In [113], the deuteron
transverse charge density has been evaluated using differ-
ent parameterizations of the charge form factor and it has
been shown that the different parameterizations provide
different densities in particular at the center of the im-
pact parameter (b = 0). The deuteron transverse charge
density has been studied using the phenomenological La-
grangian approach in [114]. Using the parameterization of
the deuteron form factor data [1], the transverse charge
density in the deuteron has been mapped out in [115]
where the authors considered both the longitudinally and
transversely polarized deuteron. In a similar fashion of
charge density in the transverse plane, one can map out
the longitudinal momentum distribution within a hadron
by taking the two dimensional Fourier transformation of
the gravitational form factor [116,104]. The longitudinal
momentum distributions within nucleons based on the
phenomenological parameterization of GPDs and a simi-
lar distributions for spin-1 objects using theoretical results
from the AdS/QCD correspondence have been calculated
in [116]. A nice comparative investigation of charge and
momentum density distributions has been done in [104]
where the authors used a different t-dependence of GPDs
from the Ref.[116] with same quarks distributions. Us-
ing a light front quark-diquark model in AdS/QCD, the
longitudinal momentum densities have been evaluated for
both the unpolarized and the transversely polarized nu-
cleons in [117,118]. A comparative study of the longitu-
dinal momentum distribution for the nucleon in two dif-
ferent soft-wall AdS/QCD has been presented in [76]. In
the present paper, using the recent empirical description
of the deuteron electromagnetic form factors in the frame-
work of soft-wall AdS/QCD, we investigate the transverse
charge densities within a deuteron. We consider both the
longitudinally and transversely polarized deuteron. In ad-
dition, we evaluate the GPDs and gravitational form fac-
tors for the deuteron which are further used to study the
longitudinal momentum densities in the transverse plane.
This paper is organized as follows. A brief description
of the electromagnetic form factors of the deuteron in the
soft-wall AdS/QCD model has been given in Sec.2. The
charge densities in the transverse plane for both unpolar-
ized and transversely polarized deuterons have been an-
alyzed in Sec.3. In Sec.4, we present the deuteron GPDs
and the results of gravitational form factors and the longi-
tudinal momentum densities have been evaluated in Sec.5.
Finally, we provide a brief summary in Sec.6.
2 Deuteron form factors
The matrix element which describes the interaction of the
deuteron with the electromagnetic field relates three form
factors as
Mµinv(p, p
′) = −
(
G1(Q
2)ǫ∗(p′) · ǫ(p)
−G3(Q
2)
2M2d
ǫ∗(p′) · q ǫ(p) · q
)
(p+ p′)µ
− G2(Q2)
(
ǫµ(p) ǫ∗(p′) · q − ǫ∗µ(p′) ǫ(p) · q
)
, (1)
where G1,2,3 are the form factors; ǫ(ǫ
∗) and p(p′) are the
polarization and four-momentum of the initial(final) deuteron,
and q = p′−p is the momentum transfer. The electromag-
netic form factors G1,2,3 of the deuteron are again related
to the charge GC , quadrupole GQ and magnetic GM form
factors by
GC = G1 +
2
3
ηGQ , (2)
GM = G2 , (3)
GQ = G1 −G2 + (1 + η)G3 , (4)
with η = Q
2
4M2
d
and normalization GC(0) = 1, GQ(0) =
M2dQd = 25.83, and GM (0) = MdMN µd = 1.714, where Md
and MN are the deuteron and nucleon masses, and Qd =
7.3424 GeV−2 and µd = 0.8574 are the quadrupole and
magnetic moments of the deuteron.
For the derivation of the deuteron electromagnetic form
factors in the framework of soft-wall AdS/QCD we fol-
low the works of Gutsche et al. [48,49,50]. For a hadronic
bound state, the twist which is defined as dimension −
spin, can also be written as τ = np where np is the num-
ber of partons in a bound state [55,56,57,83]. The ground
state of the deuteron which is a bound state of a proton
and a neutron having six partons is described by τ = 6
wavefunctions. The effective action in terms of the AdS
fields dM (x, z) and VM (x, z) which are dual to the Fock
component contributing to the deuteron with twist τ = 6
and the electromagnetic field, respectively, is given by [48]
S =
∫
d4xdz e−ϕ(z)
[
−1
4
FMNF
MN −DMd†NDMdN
−ic2FMNd†MdN +
c3
4M2d
e2A(z) ∂MFNK
(
iDKd
†
MdN
−d†M iDKdN +H.c.
)
+ d†M
(
µ2 + U(z)
)
dM
]
, (5)
where A(z) = log(R/z), the stress tensor: FMN (x, z) =
∂MV N (x, z) − ∂NVM (x, z), DM is the covariant deriva-
tive, µ2R2 = (∆− 1)(∆− 3) is the five-dimensional mass
and R is the AdS radius. The background dilaton field
ϕ(z) = κ2z2. For a state with np partons and L orbital
angular momentum, the scaling dimension is defined as
∆ = np + L [55,56,57]. However, np = τ which corre-
sponds to the fact that the dimension of the dM (x, z) field
is ∆ = τ + L. The first and second terms in Eq.5 corre-
spond to kinematic parts of the electromagnetic and the
deuteron fields respectively whereas the last part of the ac-
tion denotes the effective mass term. The rest of the terms
in the effective action is due to the interaction which are
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Fig. 1. (Color online) Deuteron electromagnetic form factors (a) GC(Q
2), (b) GM (Q
2) and (c) GQ(Q
2) are plotted against
Q fm−1. The red dashed line represents the phenomenological parameterization of the deuteron form factors data [1] and the
solid blue line represents the results of soft-wall AdS/QCD.
responsible for generating the deuteron form factors. The
pure AdS geometry reproduces the kinematical aspects of
the light-front Hamiltonian whereas the breaking of the
maximal symmetry of AdS by the background dilaton field
allows the confinement dynamics of the theory in physi-
cal space-time. In general, the presence of the quadratic
covariant derivatives with a dilaton in the effective action
leads to a mixture of kinematical and dynamical effects.
The z-dependent effective mass µeff (z) = µ
2 + U(z) is
chosen to cancel the interference term and keep the mass
term µ2 independent of z [83,84]. U(z) in the effective
mass gives the confinement potential with U(z) = ϕ(z)R2 U0 ,
where the constant U0 is determined by the value of the
deuteron mass Md, and the parameters c2 and c3 are ob-
tained by normalization of the deuteron electromagnetic
form factors. Using the Kaluza-Klein decomposition for
the vector AdS field dual to the deuteron
dµ(x, z) = exp
[ϕ(z)−A(z)
2
] ∑
n
dµn(x)Φn(z) , (6)
where Φn(z) are their bulk profiles and d
µ
n(x) is the tower
of the Kaluza-Klein fields dual to the deuteron fields with
radial quantum number n and twist-dimension τ = 6, one
can derivative the equation of motion for the bulk profile
Φn(z) as [48]
[
− d
2
dz2
+
4(L+ 4)2 − 1
4z2
+ κ4z2 + κ2U0
]
Φn(z)
= M2d,nΦn(z) . (7)
This is a Schro¨dinger-type equation and the solutions of
the Eq.(7) are given by
Φn(z) =
√
2n!
(n+ L+ 4)!
κL+5 zL+9/2
× e−κ2z2/2 LL+4n (κ2z2) , (8)
M2d,n = 4κ
2
[
n+
L+ 5
2
+
U0
4
]
, (9)
where Lmn (x) are the generalized Laguerre polynomials.
For the ground state i.e. n = 0, L = 0, one gets Md =
2κ
√
5
2 +
U0
4 . Using the data for the deuteron mass Md =
1.875613 GeV the scale parameter κ = 190 MeV which
is fixed by fitting the electromagnetic form factors of the
deuteron with experimental data, the constant U0 is found
to be 87.4494 [48]. In the soft-wall AdS/QCD framework,
the deuteron electromagnetic form factors G1,2,3(Q
2) can
be expressed in terms of the universal form factor F (Q2)
such as [48,49]
G1(Q
2) = F (Q2) , (10)
Gi(Q
2) = ciF (Q
2) , {i = 2, 3} (11)
where F (Q2) is the twist-6 hadronic form factor, which is
given by the overlap of the square of the bulk profile dual
to the deuteron wave function and the confined electro-
magnetic current
F (Q2) =
∞∫
0
dz Φ20(z)V (Q, z) . (12)
V (Q, z) is the vector bulk-to-boundary propagator dual
to the Q2(= −q2)-dependent electromagnetic current and
the integral representation of V (Q, z) is given by [67,68],
V (Q, z) = κ2z2
1∫
0
dx
(1 − x)2 e
−κ2z2x/(1−x) xa . (13)
Using the deuteron wave function Φ0(z) from Eq.(8) and
V (Q, z) from Eq.(13), one finds F (Q2) as
F (Q2) =
Γ (6)Γ (a+ 1)
Γ (a+ 6)
, (14)
with a = Q2/(4κ2). Note that the formula follows the
the general form of the hadronic form factor with twist
τ : Fτ (Q
2) = Γ (τ)Γ (a+1)Γ (a+τ) derived in [57]. The parame-
ters c2 and c3 in Eq.(11) are determined by the normal-
ization of the deuteron form factors as defined in [48]:
c2 = GM (0) = 1.714, and c3 = GM (0) + GQ(0) − 1 =
26.544. We show the deuteron electromagnetic form fac-
tors GC(Q
2), GM (Q
2) and GQ(Q
2) obtained in the soft-
wall the AdS/QCD model in Fig.1. The results are com-
pared with the phenomenological parameterization of the
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experimental data of the deuteron form factors [1]. One
observes that GC evaluated in AdS/QCD framework are
in excellent agreement with the parameterization and GM
and GQ in soft-wall AdS/QCD model are also in more or
less agreement with the parameterization.
3 Transverse charge densities in the deuteron
According to the standard interpretation [102,103,104,
109,74], the charge density in the transverse plane can
be identified with the two-dimensional Fourier transform
(FT) of the electromagnetic form factors in the light-cone
frame with q+ = q0 + q3 = 0. Thus, the transverse charge
densities for the deuteron in helicity states of λ = ±1 or
λ = 0 are defined as,
ρdλ(b)≡
∫
d2q⊥
(2π)2
e−iq⊥·b⊥ G+λλ(Q
2)
=
∫ ∞
0
dQ
2π
QJ0(bQ)G
+
λλ(Q
2), (15)
where the form factor G+λλ′ (Q
2) is again related to the
matrix elements of the electromagnetic current J+(0) op-
erator between deuteron states as,
〈P+, q⊥
2
, λ′|J+(0)|P+,−q⊥
2
, λ〉
= (2P+) ei(λ−λ
′)φq G+λ′ λ(Q
2), (16)
with λ = ±1, 0 (λ′ = ± 1, 0) which denotes the initial (fi-
nal) deuteron light-front helicity, and q⊥ = Q(cosφq eˆx +
sinφq eˆy), and the impact parameter b⊥ = b (cosφb eˆx +
sinφb eˆy) denotes the position in the transverse plane from
the center of momentum (c.m.) of the deuteron. For λ =
±1 or λ = 0, there are two independent helicity conserv-
ing form factors G+1 1 and G
+
0 0 which can be expressed in
terms of GC,M,Q as [115],
G+1 1 =
1
1 + η
{
GC + η GM +
η
3
GQ
}
, (17)
G+0 0 =
1
1 + η
{
(1 − η)GC + 2ηGM − 2η
3
(1 + 2η)GQ
}
,
(18)
with η ≡ Q2/(4M2d ), and Md is the deuteron mass. Using
the formulas of GC , GM and GQ in terms of F (Q
2) in the
soft-wall AdS/QCD model, one can rewrite the expression
of the helicity conserving form factors as
G+11 = {1 + ηc3}F (Q2) , (19)
G+00 =
{
1− η − 2η2
1 + η
+ 2ηc2 − 2η2c3
}
F (Q2) . (20)
In Fig.2-a and 2-b, we show the deuteron helicity conserv-
ing form factors G+1 1 and G
+
0 0 respectively evaluated in
the soft-wall AdS/QCD model. In the same plots we com-
pare the holographic results with the phenomenological
parameterization of experimental data of deuteron form
factors [1]. One notices that G+1 1 and G
+
0 0 obtained in
the AdS/QCD framework are in excellent agreement with
the parameterization. The transverse charge densities for
definite helicity i.e. longitudinally polarized deuterons are
shown in Fig.3. Both the charge densities for λ = 0 (Fig.3-
a) and λ = 1 (Fig.3-b) states are axially symmetric and
they have the peak at c.m..
The transverse charge densities for longitudinally po-
larized deuteron lead to the monopole pattern only. To get
information about dipole and the quadrupole moments of
the deuteron states, one needs to consider the charge den-
sities for the transversely polarized deuteron. The trans-
verse charge densities for the transversely polarized deuteron
can be defined as,
ρdT s⊥(b) ≡
∫
d2q⊥
(2π)2
e−iq⊥·b
× 1
2P+
〈P+, q⊥
2
, s⊥|J+|P+, −q⊥
2
, s⊥〉,
where s⊥ is the deuteron spin projection along the trans-
verse polarization direction, S⊥ = cosφS eˆx + sinφS eˆy.
For s⊥ = +1 and s⊥ = 0, the charge densities are given
by [115],
ρdT 1(b) =
∫ ∞
0
dQ
2π
Q
{
J0(bQ)
1
2
(
G+11 +G
+
0 0
)
+sin(φb − φS)J1(bQ)
√
2G+0 1 (21)
− cos 2(φb − φS)J2(bQ)1
2
G+−1+1
}
,
ρdT 0(b) =
∫ ∞
0
dQ
2π
Q
{
J0(bQ)G
+
11
+cos 2(φb − φS)J2(bQ)G+−1+1
}
. (22)
It can be noticed that ρdT 1 is a linear combination of he-
licity conserving charge densities together with two other
components. The second term involves one unit of light-
front helicity flip (0→ 1) deuteron form factor which gives
a dipole field pattern in the charge density. The last term
in ρdT 1, involves the form factor with two unit of helicity
flip (−1→ +1) and corresponds to a quadrupole field pat-
tern in the charge density. But ρdT 0 does not contain the
dipole field pattern. One writes the deuteron form factor
with one unit of helicity flip in terms of GC,M,Q as [115],
G+01 = −
√
2η
1 + η
{
GC − 1
2
(1− η)GM + η
3
GQ
}
, (23)
whereas the deuteron form factor with two units of helicity
flip, which governs the quadrupole field patterns is given
by,
G+−1+1 =
η
1 + η
{
GC −GM − (1 + 2η
3
)GQ
}
. (24)
In the soft-wall AdS/QCD model the deuteron helicity
form factors with one and two units of helicity flip, can be
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Fig. 2. (Color online) Deuteron helicity-conserving form factors (a) G+00(Q
2), (b) G+11(Q
2) and helicity-flip form factors (c) with
one unit of helicity-flip: G+01(Q
2)(a factor of 10−3 is taken out in the y-axis), (d) with two unit of helicity-flip: G+
−11(Q
2) are
plotted against Q. The red dashed line represents the phenomenological parameterization of the deuteron form factors data [1]
and the solid blue line represents the results of soft-wall AdS/QCD.
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Fig. 3. (Color online) Top view of the three-dimensional quark transverse charge densities in the deuteron evaluated in
AdS/QCD: (a) ρd0 and (b) ρ
d
1 are for the longitudinally polarized deuterons.
expressed in terms of F (Q2) as,
G+0 1 = −
√
2η
{
1− c2
2
+ ηc3
}
F (Q2) , (25)
G+−1+1 = −ηc3F (Q2) . (26)
We show the deuteron helicity flip form factors, G+01 and
G+−1+1 calculated in AdS/QCD framework in Fig.2-c and
Fig.2-d, respectively. It can be noticed that though the
deuteron helicity conserving form factors in the AdS/ QCD
agree well with the phenomenological parameterization,
the helicity flip form factors deviate at higher values of Q.
Since η is very small within the range of Q2 in the plots,
for the spin non-flip form factors (Eqs.17 and 18) the only
dominating contribution is coming from GC which is in
very good agreement with phenomenology (see Fig.1-a),
GM and GQ are suppressed by η. Thus, the spin conserv-
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Fig. 4. (Color online) Top view of the three-dimensional quark transverse charge densities in the transversely polarized deuteron
evaluated in AdS/QCD: (a) ρdT0 and (b) ρ
d
T1 are for the deuteron which is transversely polarized along the positive x-axis.
ing form factors agree well with the phenomenological pa-
rameterization. But for spin-flip form factor G+01 (Eq.23),
the major contributions are coming from GC , and GM
(GQ is suppressed by η) with a relative negative sign which
causes the small magnitude of G+01 (of the order of 10
−3)
but the errors add up as can be seen from Fig.1. A similar
reason is also applicable for the mismatch in G+−1+1.
The AdS/QCD results for the transverse charge den-
sity with transverse deuteron polarization are shown in
Fig.4. Fig.4-a shows the charge distribution for the state
with spin projection-0 in the x-direction whereas Fig.4-b
exhibits charge density for a state with spin projection-
1 in the x-direction. One finds that the effects of the
quadrupole term in ρdT 0 stretches the charge along the
y-axis but does not cause any shift of the charge center
whereas the quadrupole term in ρdT 1 stretches the charge
along the x-axis and the dipole term causes a small overall
shift of the charge distribution along the y-axis. We show
the individual monopole and quadrupole contributions to
the charge density, ρdT 0 in Fig.5 and the monopole, dipole,
and quadrupole contributions to ρdT 1 in Fig.6. The dipo-
lar and quadrupole patterns come in the densities due to
the small anomalous magnetic moment coming from the
second term of the Eq.(21) which produces an induced
electric dipole moment in y-direction and the anomalous
electric quadrupole moment coming from the third term of
the Eq.(21). It can be noted that the signs of quadrupole
contributions to the charge densities are opposite, thus,
the stretching of ρdT 0 is along the y-axis but for ρ
d
T 1, it is
along the x-axis. The dipole or quadrupole contributions
to the charge densities are comparatively very weak with
respect to the monopole contributions. A comparison of
the deuteron charge densities evaluated in soft-wall the
AdS/QCD model and the phenomenological results [115]
obtained using the parameterization of the experimental
data for the deuteron electromagnetic form factors [1] are
shown in Fig.7. We find that the AdS/QCD predictions for
ρd1 and ρ
d
T 0 are in good agreement with the phenomeno-
logical results except at b = 0. The dip appearing at b = 0
in Fig.7(a) might be an artifact of the parameterization
of the phenomenological data. Again, the holographic pre-
diction shows the overall small shift of ρdT 1 from the c.m.
in opposite direction to the phenomenological result. The
shifting in ρdT 1 occurs due to the dipole contribution which
is coming from the one unit of light-front helicity flip
(0→ 1) deuteron form factor, G+01(Q2). It can be noticed
that the phenomenological parameterization for G+01(Q
2)
shows a positive value after Q ∼ 2.3 fm−1, however, it is
always negative in the holographic QCD model (Fig.2-c).
This produces the opposite shift in ρdT 1 in the AdS/QCD
model from the phenomenological result.
4 Generalized parton distributions for the
deuteron
Generalized parton distributions encode the information
about the three dimensional spatial structure of the hadron
as well as the spin and orbital angular momentum of the
constituents. GPDs are defined through the matrix ele-
ment of the QCD non-local and non-diagonal operators
on the light-front. For the deuteron (spin-1 particle), there
are five vector GPDs which are defined by [51]∫
p+dy−
2π
eixp
+y− 〈p2, λ2| q¯(−y
2
)γ+q(
y
2
) |p1, λ1〉y+=y⊥=0
= −2(ε∗2 · ε1)p+H1 −
(
ε+1 ε
∗
2 · q − ε+2
∗
ε1 · q
)
H2
+ q · ε1 q · ε∗2
p+
m2n
H3 −
(
ε+1 ε
∗
2 · q + ε+2
∗
ε1 · q
)
H4
+
(
m2n
(p+)2
ε+1 ε
+
2
∗
+
1
3
(ε∗2 · ε1)
)
2p+H5 . (27)
All the GPDs are functions of the three variables namely,
the longitudinal momentum fraction x carried by the ac-
tive quark, the square of the total momentum transferred t
and the fraction of the longitudinal momentum transferred
ξ, the so called skewness. In symmetric frame the kinemat-
ical variables are pµ = (p+p
′)µ
2 , q
µ = p′µ − pµ, ξ = − q+2P+ ,
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Fig. 5. (Color online) (a) Monopole and (b) quadrupole contributions to the charge density: ρdT0.
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Fig. 6. (Color online) (a) Monopole, (b) dipole and (c) quadrupole contributions to the charge density: ρdT1.
and t = q2. The first moments of GPDs are related to the
form factors of the deuteron by
∫ 1
0
dxHiv(x, ξ, t) = Gi(t), i = 1, 2, 3 (28)∫ 1
0
dxHiv(x, ξ, t) = 0, i = 4, 5 , (29)
where the GPDs for the valence quark are defined as
Hiv(x, 0, t)
= Hi(x, 0, t)+Hi(−x, 0, t). Using the integral representa-
tion of V (z,Q2) in Eq. (13), one can rewrite the deuteron
form factors in Eqs. (10,11) as
Gi(Q
2) = ci
∫ 1
0
dx
∫ ∞
0
dz
κ12z11
12
x
Q2
4κ2
(1− x)2 e
− κ
2z2
(1−x) . (30)
Comparing the integrands in Eqs. (28) and (30), we ex-
tract the GPDs for the deuteron in the following forms:
Hiv(x, 0, Q
2) = ci
∫ ∞
0
dz
κ12z11
12
x
Q2
4κ2
(1− x)2 e
− κ
2z2
(1−x) , (31)
where t = −Q2, and c1 = 1, c2 = 1.714, and c3 = 26.544
[48]. Here we evaluate the deuteron GPDs when the skew-
ness is zero (ξ = 0). Since the GPD H4(x, ξ, t) is odd in
ξ, H4 is zero for ξ = 0 [51]. But the other GPDs are even
in ξ. In Fig. 8, we show the deuteron GPD H1v (x, 0, Q
2)
as a function of x and Q2. The GPD has a peak at very
low momentum fraction x, and also when the momentum
transfer is low but the value decreases and goes to zero
with increasing x and Q2. The other GPDs can be ob-
tained by multiplying the constant ci with H
1
v (x, 0, Q
2).
5 Longitudinal momentum densities in the
transverse plane for the deuteron
Similar to the electromagnetic densities, we can identify
the gravitomagnetic density (p+ momentum density) in
the transverse plane by taking the Fourier transform of the
gravitational form factor [104,116]. Thus, the longitudinal
momentum (p+) density for the deuteron can be defined
as
ρ+λ (b⊥) =
∫
d2q⊥
(2π)2
e−iq⊥·bT +λλ(Q2), (32)
where the form factor T +λλ(Q2) is given by the matrix ele-
ments of the stress tensor〈
p+,
q⊥
2
, λ2
∣∣∣T++(0)∣∣∣p+,−q⊥
2
, λ1
〉
=2(p+)2 ei(λ1−λ2)φqT +λ2λ1(Q2). (33)
For spin-1 particles, there are two independent helicity
conserving form factors T +11 , and T +00 which are given by
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Fig. 7. (Color online) Comparison of transverse charge densities in the deuteron evaluated in AdS/QCD and the phenomeno-
logical results: (a) ρd0 and (b) ρ
d
1 are for the longitudinally polarized deuterons (c) ρ
d
T0 and (d) ρ
d
T1 are for the deuteron which
is transversely polarized along the positive x-axis. The solid blue and red dashed lines represent the results of AdS/QCD and
the phenomenological results [115] respectively.
[116,53]
T +00 (Q2) = Z1(Q2) =
∫
dzH(Q, z)∂zΦ0(z)∂zΦ0(z) ,
T +11 (Q2) = Z2(Q2) =
∫
dzH(Q, z)Φ0(z)Φ0(z), (34)
where the form of the profile function H(Q, z) in the soft-
wall AdS/QCD model is [116,60]
H(Q, z) = Γ (4η + 2)U(4η,−1, z2), (35)
where U(a, b, w) is the 2nd Kummer function and Φ0(z) is
the normalizable wave function,
∫
dzΦ20 = 1. We use the
deuteron wave function (Eq.(8)) in Eq.(34) to evaluate the
gravitational form factors Z1(Q
2) and Z2(Q
2). Now, one
can obtain the p+ densities as
ρ+1 (b⊥) =
∫ ∞
0
dQ
2π
QJ0(bQ)Z2(Q
2) ,
ρ+0 (b⊥) =
∫ ∞
0
dQ
2π
QJ0(bQ)Z1(Q
2). (36)
We show the helicity conserving gravitational form factors
T +00 and T +11 as a function ofQ2 in Fig. 9(a). One can notice
that at Q2 = 0, T +λ,λ=1. Thus, it follows the momentum
sum rule. The longitudinal momentum densities in the
transverse plane are shown in Fig. 9(b). We observe that
both the densities ρ+1 and ρ
+
0 are more or less same in the
transverse plane.
6 Summary
In this work, we have studied the transverse charge densi-
ties in longitudinally and transversely polarized deuterons
using the empirical formulae of the deuteron electromag-
netic form factors evaluated in the framework of the soft-
wall AdS/QCD. We found that the charge densities for
longitudinally polarized deuterons are axially symmetric
and exhibit the monopole pattern only. Transversely po-
larized deuterons show a monopole pattern together with
the dipole and quadrupole structure in the charge distri-
butions. The dipolar structure which appears only in the
distribution for the transversely polarized deuteron state
with spin projection s⊥ = 1 causes a small overall shift in
ρdT 1 along the y-axis. The quadrupole structures stretch
the charge distributions along the y-axis or x-axis but does
not cause any shift from the c.m.. The monopole contri-
butions to the charge densities are large compared to the
dipole and quadrupole. Further, we have compared the
AdS/QCD results with the consequences of phenomeno-
logical parameterization [115]. Except for the mismatch in
ρd0 at the center and the overall small shift in ρ
d
T 1 which
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deuteron.
is opposite to phenomenological result, the comparison
shows that the AdS/QCD predictions are in reasonable
agreement with the phenomenological parameterization.
Then we have shown the GPDs for the deuteron ob-
tained from the electromagnetic form factors using the in-
tegral representation form of the bulk to boundary propa-
gator and the GPDs sum rule. We have also evaluated the
helicity non-flip gravitational form factors and shown that
they satisfy the physical condition at Q2 = 0. Finally, the
longitudinal momentum densities in the transverse plane
have been investigated and we found that the longitudi-
nal momentum densities are independent of the deuteron
helicity.
This work is supported by new faculty startup funding
by the Institute of Modern Physics, Chinese Academy of
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